Introduction
All animals possess evolutionarily ancient mechanisms for recognizing and resisting attack by microorganisms. Much of the immune resistance comes without the delay associated with the development of a complete specific immune response. Gene encoded antimicrobial peptides (AMPs) are now well known to be a pervasive component of the immune defense system all across the plant and animal kingdom [14] . Hundreds of such peptides have been discovered from a plethora of living organisms, and many have been synthesized in laboratories with the aim of designing active molecules to combat antibiotic-resistant bacterial strains [2, 44] . Indeed, our knowledge and comprehension of how AMPs function to kill This correlates well with the lesser toxicity of G10 and T7. There is strong evidence which suggests that synergistic binding of hydrophobic residues drives binding of OVIS to the micelle. The helical content of G10 and T7 is reduced in the presence of DPC, and this leads to less amphipathic peptide structures, which bind weakly to the micelle. Simulations in SDS were carried out to compare the influence of membrane electrostatics on peptide structure.
All three peptides bound strongly to SDS, and retained helical form. This corresponds well with their equally potent antibacterial properties. Based on the simulations, we argue that secondary structure stability often leads to toxic properties. We also propose that G10 and T7 also operate by the carpet mechanism of cell lysis. Toxicity of peptides operating by the carpet mechanism can be attenuated by reducing the peptide helical content. The simulations successfully capture experimental binding states, and the different depths of binding of the three peptides to the two micelles correlate with their antibacterial and toxic properties.
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microbial cells by non-specific disruption of the plasma membrane lipid bilayer has improved significantly in recent years.
The ultimate goal of research in this area is to engineer peptides with low toxicity and high antimicrobial activity. We now have a rudimentary comprehension of how helical AMPs function to selectively kill microbial cells. The plasma membrane of bacterial cells contains a significant amount of anionic components, while mammalian membranes are composed of mainly zwitterionic (phosphatidylcholine) lipids. Most AMPs are highly cationic, so they bind selectively to anionic bacterial membranes and permeabilize them [15] . It is believed that the electrostatic differences in the composition of bacterial and mammalian plasma membranes are responsible for selective toxicity of AMPs [10] . However, besides attracting cationic AMPs, the anionic surface of bacterial membranes might influence other processes which affect selectivity. It is known that most AMPs are unstructured in solution, and achieve their helical form after binding to the membrane. The extent of helicity induced in an AMP in presence of a membrane interface can influence its hemolytic and antibacterial properties [34] . Generally, no comprehensive attempt has been made to correlate peptide toxicity with the differences in the abilities of anionic and zwitterionic membranes to induce secondary structure in AMPs. Only few studies have compared the extent of AMP helix induction in anionic and zwitterionic membranes. For example, the peptide maculatin 1.1 and its analog P15A were found to be more helical in presence of anionic DMPG lipid vesicles than in DMPC lipids [6] . Both peptides inserted preferentially in DMPG vesicles. Mutations in pardaxin-1 which lead to lower helical content caused reduced antibacterial and hemolytic properties. All the above three peptides had only +1 cationic charge [36] . On the other hand, reduction of helicity in a pardaxin analog with +5 charge retained its antibacterial activity while reducing the hemolytic activity [35] . Variants of magainin (charge ! +5) which retained helical structure in presence of POPC membranes were found to be highly hemolytic, while those with reduced helical structure were less hemolytic [9] . There are various other instances where the helicity of peptides and membrane protein fragments is conserved in anionic lipids, but not in zwitterionic lipids [3, 18, 20, 29, 32] . Often these differences affect the ultimate cellular functions and structural roles of the proteins. The same should apply to the action of antimicrobial peptides. AMPs are believed to disrupt membranes either by an orderly pore-forming mechanism (barrel-stave or toroidal pore models), or by disordered binding of peptides to the membrane surface eventually causing membrane destabilization (carpet models). In general, a highly helical structure is required for membrane lysis mediated by the barrel-stave mechanism [36] . Although the same does not directly apply to the carpet or the toroidal pore models of cell lysis, a more amphipathic structure has long been correlated with increased antibacterial properties. Amphipathicity is usually promoted by helix formation. The observations made above paint a complicated picture of the influence of peptide structure on antibacterial activity and hemolysis. In effect, it seems that peptides which retain high helical content in presence of zwitterionic lipids tend to be more hemolytic. The correlation with antibacterial properties is not as distinct, although it appears that higher activity is observed for more helical cationic peptides, especially when the barrel mechanism of action is in effect. What is clear is that the secondary structure content of AMPs near membranes has a significant influence of peptide activity and selectivity. If different types of membranes (anionic versus neutral) do induce different peptide structures, then further investigation into these differences is warranted.
To explicitly reveal the influence of secondary structure stability on the molecular details of peptide-membrane interactions, we have carried out molecular dynamics (MD) simulations of three related helical peptides in the presence of zwitterionic dodecylphosphocholine (DPC) micelles. Ovispirin-1 (OVIS) is an 18-amino acid (KNLRR IIRKI IHIIK KYG) helical peptide, and has significant antimicrobial activity [22] . It is unsuitable for therapeutic use owing to its hemolytic properties [22] . Novispirin-G10 (KNLRR IIRKG IHIIK KYG) and novispirin-T7 (KNLRR ITRKI IHIIK KYG) are single residue mutants of OVIS which retain the antibacterial activity, but are less toxic. The three-dimensional structures of all three peptides were evaluated in presence of tri-fluoro-ethanol (TFE). The point mutations led to significant structural changes in the peptides, inducing a helix kink in G10 and N-terminal flexibility in T7 [33] . The structural and functional properties of these three peptides make them very well suited to carry out investigations to answer some of the questions raised above regarding the interplay between membraneinfluenced structure and peptide-membrane interactions. All three peptides are highly cationic (+7), and based on the aforementioned discussion, we attempt to answer two questions: firstly, how is the helical content of the three peptides affected by the type of interface present? Secondly, how does this influence the affinity of the three peptides to the two types of micelles? Specifically, the simulations should capture the differences in the peptides' affinity to DPC micelles because G10 and T7 are less toxic than OVIS.
In the reported work, we do not explicitly advocate the use of micelles as accurate models for membranes. However, micelles are excellent model systems to study the influence of interfacial membrane electrostatics on the structure and properties of small peptides. The primary advantage of using micelles as opposed to lipid bilayers is the faster time scales of motion of DPC and SDS lipids. It has been shown both experimentally [13] and by simulations [31, [38] [39] [40] that the slowest relaxation times of lipids in micellar solutions are of the order of 500-2000 ps. The interaction of the peptide with the lipid macromolecular assembly induces a much faster response in micelles as opposed to bilayers. The micelle contains about half the number of atoms of a typical 128-lipid peptide-water bilayer simulation cell. This allows much longer simulations and permits monitoring of biological phenomena of longer time scales. In our recent work, we have shown that the micelle model is successful in capturing experimentally observed binding states of small peptides [23, 24] . DPC lipids carry a choline head group like zwitterionic phospholipids (DMPC, DPPC, etc.), and the micelle is thus well suited as a model to study peptide-membrane interactions on a zwitterionic interface. For structure comparison purposes, simulations have also been carried out in anionic sodiumdodecylsulfate (SDS) micelles. We have previously reported 28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87   88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145 146 147
simulations in SDS micelles [23, 26] . In those simulations, the peptide was initially placed along a micelle diameter. In the current simulations, the peptide starts out in the aqueous phase.
Methods
The starting coordinates of the DPC micelle-water complex were obtained from simulations carried out by Wymore and Wong [39] . This structure was obtained after extensive minimization and dynamics of about 1 ns in a cubic simulation cell. We placed the micelle consisting of 60 DPC molecules and 4377 waters in a cubic simulation box of cell size 56.15 Å . The cell dimensions were setup so as to obtain the equilibrium bulk water density (0.033 Å
À3
) far away from the interface. Water was modeled using the TIP3P potential [21] . Seven chloride counterions and five Na + and Cl À ions as 0.15 mM electrolyte were randomly distributed in the aqueous phase.
In principle, to observe the folding of the peptide on the membrane interface, the simulation should start with a random coil peptide structure. However, the very long time scales of peptide folding on membrane interfaces prevented us from doing so. The experimental peptide structures in TFE were used to start the simulations. The initial structure of the peptides were obtained from the PDB databank (pdb ids: OVIS:1HU5, G10:1HU6, T7:1HU7) [33] . Solid-state NMR experiments of OVIS in lipid bilayers [43] suggest that the majority of the OVIS helix is oriented parallel to the interface, with the hydrophobic face embedded in the lipid core. For the simulations, the peptide was placed 5 Å away from the surface of the micelle, with the peptide helical axis oriented parallel to the micelle surface. The hydrophobic residues of the peptide faced the micelle. The fast dynamical time scales of DPC molecules ensured that the repositioning of the peptide to its final conformation would be computationally tractable.
To remove initial bad contacts between the peptide and the DPC core, and prevent penetration of water, the peptide and bulk water were kept under weak harmonic constraints with spring constants of 10 and 5 kcal/(mol Å ), respectively, during equilibration. The constraints were gradually removed in 20,000 steps of minimization (steepest descent method). The entire system was then minimized for 20,000 more steps without any constraints. Thereafter, the system consisting of about $16,000 atoms was gradually heated to 303 K. The entire assembly was subjected to NPT dynamics at pressure P = 1 atm and temperature T = 303.15 K for 39 ns. The constant pressure-temperature module of CHARMM [5] was used for the simulation with a leap-frog integrator. A time step of 2 fs was used. The temperature was set at 303.15 K using Hoover temperature control [19] . For the extended system pressure algorithm employed, all the components of the piston mass array were set to 500 amu [12] . The electrostatic interactions were simulated using the particle mesh Ewald (PME) summation [8, 11] without truncation and a real space Gaussian width of 0.25 Å
À1
, a b-spline order of 4, and a FFT grid of about one point per Å . The non-bonded van der Waals interactions were smoothly switched off over a distance of 3.0 Å , between 9 and 12 Å . SHAKE was used to eliminate the fastest degrees of freedom involving bonds with hydrogen atoms. The simulation was carried out using CHARMM Version c30b2 with the all atom param22 parameter set. We have shown earlier that unnatural p-helices are not formed with the param22 parameter sets in peptide-micelle simulation setups [23] . Because the equilibrium steady state was reached after 25 ns (see later), ensemble average properties were calculated for the last 14 ns of the simulation. For calculation of most dynamical properties, trajectories were sampled every 4 ps.
The simulations in SDS micelles were carried out as described in our previous work [23] . The only difference being that in the current work, the peptide was initially placed in the aqueous phase. Standard protocols of non-bonded cutoffs, PME and constraint-based equilibration were the same as for the DPC simulations. Simulations in SDS were run for 40 ns each.
Results

Peptide location
In the first 25 ns of simulation, OVIS and G10 diffuse to the DPC interface. T7, on the other hand, quickly diffuses away from the interface in the first 3 ns of simulation. In the next 22 ns, it diffuses to the surface of the micelle. All three peptides are bound to the micelle thereafter (Fig. 1) ; hence, all ensemble averages have been calculated after 25 ns. For calculation of most properties, trajectories were sampled every 4 ps. OVIS continues to remain deeply inserted in the interface for the remaining 14 ns of simulation, with its hydrophobic face buried in the micellar core. The peptide helix lies parallel to the interface. We have recently reported simulations of the OVIS peptide in DPC with a different starting conformation where the peptide was placed along a micellar diameter [24] . The final binding conformation of OVIS obtained in that simulation is the same as that obtained in the current simulation. The peptide starts in the aqueous phase in the current simulation. Such an initial setup is more appropriate for capture the influence of the interface on peptide structure. Solid-state NMR experiments conducted in lipid bilayers suggest that the bulk of the OVIS helix lies parallel to the membrane interface, with the hydrophobic residues buried in the bilayer core [42] . The final binding conformation of OVIS is thus in excellent agreement with solid-state NMR experiments.
No such data are available for G10 or T7. In the simulations, the final binding conformations of G10 and T7 are similar to those of OVIS. However, the depth of insertion of both mutants is less than that of OVIS (Fig. 2) . The ensemble-averaged electron density data in Fig. 2 indicate that OVIS is embedded deepest in the micelle, while the position of T7 w.r.t. to the micelle fluctuates most. No experimental binding conformation data is available for G10 and T7. However, both peptides are less toxic than OVIS, and are thus expected to insert less into zwitterionic interfaces compared to OVIS. The simulations neatly reproduce this correlation.
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Peptide structure
The helical structure of OVIS is further stabilized as the peptide diffuses to the interface. All the (i, i + 4) backbonebackbone H-bonds are satisfied, leading to a compact interface-bound helix which lies parallel to the interface (Figs. 3  and 4 ). On the other hand, both G10 and T7 become less helical in DPC micelles as the simulation progresses. The experimental TFE-induced structure of G10 has a bend as positions 12-13 induced by inclusion of a glycine at position 10 [33] . Fig. 3 shows the ensemble averaged dihedral angles of the G10 peptide from the simulation. The bend in the G10 helix now extends from position 7 to 11. This results in partial unfolding of the second N-terminal helix turn. Effectively, G10 is reduced to less than three helical turns during the simulation (Fig. 4) . The C-terminal helical turn is retained in the ensemble structures. The experimental structure of T7 in TFE is flexible at the N-terminus. Residues 1-5 have dihedral angles that do not confirm to the native helical (w, c) pair value of (À50, À60). The flexibility is enhanced in presence of the DPC micelle. Residue 6 (Ile) also acquires non-native dihedral angles. We counted the number of hydrogen bonds being formed between the peptide backbone atoms and the lipids and water molecules. A H-bond was counted if the bond distance was less than 3.0 Å , and the donor-hydrogen-acceptor angle was less than 1208. The total number of H-bonds formed was averaged for the last 15 ns of simulation. OVIS forms 1.67 AE 0.71 H-bonds with DPC and 10.94 AE 3.3 H-bonds with water. For G10 and T7, these numbers are 5.77 AE 1.24 and 25.03 AE 3.55, and 2.91 AE 0.67 and 18.82 AE 5, respectively. The lower helicity of G10 and T7 correlates well with these H-bonding patterns. The backbone atoms of OVIS are least available for intermolecular H-bond formation with the rest of the lipids and water. G10 and T7 are less helical, and a greater number of backbone amide and carbonyl groups are free to form hydrogen bonds. The greater number of H-bonds with water in G10 and T7 also indicate that the backbone is more hydrated then that of OVIS, which is embedded deeper into the micelle. Although the structural changes in G10 and T7 induced by DPC may seem insignificant, they have a drastic influence on peptide-DPC interactions and the final binding conformations (see later).
The structures of the three peptides are as helical in SDS micelle simulations as they are in the experimentally obtained structures in TFE. The SDS lipids do not induce any unfolding of the helices. In fact, the helices in SDS are tighter and conform better to the native helical (w, c) pair value of (À50, À60).
Peptide-DPC interactions
Radial distribution functions (RDFs) give an accurate and detailed picture of specific microscopic interactions between the peptide and the lipids. All the RDFs were constructed for the last 15 ns of simulations, and the trajectories were
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PEP 66622 1- 9   261   262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298   299  300  301  302  303  304  305   306   307  308  309 310 Fig. 2 -The electron densities of the three peptides shown w.r.t. the phosphates. The phosphates in all three simulations had nearly the same profile; hence, only one profile has been shown for clarity. sampled every 20 ps. All RDFs were normalized by a bulk density of 0.01. The phosphorus atoms on DPC were used for RDFs drawn with the lipid head groups. Interestingly, there are no pronounced differences in the three peptides when it comes to interactions of cationic peptide residues with the DPC head groups (RDF data not shown). Additionally, the number of hydrogen bonds formed between the polar side chains of the peptide and the DPC head groups are nearly the same in all three peptides. However, the hydrophobic interactions of the peptide with the micellar core differ significantly in OVIS and the other two peptides (Fig. 5) . Specifically, all isoleucine residues on OVIS are well inserted into the micellar core, compared to their position in G10 or T7. The hydrophobic interactions of T7 are the weakest, partly owing to the mutation of Ile-7 to Thr-7. Residues Thr-7, Ile-10 and Ile-11 evince no preference to the micellar core. G10 also lacks an isoleucine at position 10, but the isoleucine peaks at positions 6, 7, 11 and 14 are also all lower than those of OVIS. The peaks of OVIS side chains, on the other hand, are high at all hydrophobic residue positions.
The differences in the hydrophobic interactions of the peptides with the micelle appear to be responsible for their different binding depths in the micelle. Although all three peptides were shown to be amphipathic in TFE [33] , OVIS which is the most helical peptide, retains the maximum spatial differentiation of hydrophobic and polar regions. This allows the hydrophobic residues of OVIS to cooperatively bind the micellar core, with all the side chains facing the micelle interior. The deeper binding of these residues to the micellar core reduces the flexibility of the peptide backbone (Fig. 6 ) and presumably is the key factor that keeps OVIS helical. G10 and T7, on the other hand, are not as amphipathic to begin with, and the amphipathicity is further reduced by their loss of helicity in presence of DPC. All hydrophobic residues on G10 and T7 are not isolated into the same spatial region (Fig. 1b and  c) , and as a result, the hydrophobic insertion into the zwitterionic micelle is weaker. 
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Discussion
We have carried out MD simulations of an active and toxic helical AMP and its two active, but non-toxic analogs near zwitterionic interfaces. Simulations were also carried out in SDS micelles to compare the influence of membrane electrostatics on peptide secondary structure and toxicity. The goal of the study was to dissect the differences in the peptides that make the analogs (G10 and T7) less toxic compared to the native peptide (OVIS). We demonstrate that the simulations have converged to their final equilibrium state w.r.t. the position of the peptide relative to the micelle. However, it is uncertain how much more sampling may be required to guarantee that conformational equilibrium w.r.t. peptide structure has also been achieved. The results in this work should be interpreted in this light. There are no significant differences in the three peptides with respect to interaction of polar residues with the DPC micelle. The simulations explicitly demonstrate that hydrophobic interactions drive the strong association of the OVIS peptide with the DPC lipids. This observation has been widely documented in literature for various helical AMPs. More importantly, the simulations indicate that the most toxic peptide, OVIS, remains helical, while the less toxic G10 and T7 lose helicity in presence of DPC. The stabilization of the helical structure of OVIS in presence of DPC lipids allows the hydrophobic residues of the peptide to bind cooperatively to the micelle. The reduced helicity induced in G10 and T7 by DPC leads to lower amphipathicity resulting in lesser binding depth into the micelle. For this reason, G10 and T7 are suggested to be less toxic than OVIS. Both G10 and T7 have one less hydrophobic residue than OVIS, and indeed, this also contributes to the lower toxicity, but ramifications of the point mutations in G10 and T7 extend well beyond the reduction of total hydrophobic content. The mutations induce critical changes in peptide secondary structure that prevents the cooperative isolation of hydrophobic residues into the membrane core. The situation is different in SDS micelles, where all three peptide retain their secondary structure, and remain equidistant from the micellar center of mass. The equal depth of binding of all three peptides to SDS, and the lesser binding depth of G10 and T7 in DPC correlate perfectly with the high antimicrobial activity of all three peptides, and the reduced toxicity of G10 and T7.
Given its interface-parallel orientation in lipid bilayers [43] , OVIS has been putatively thought to operate by the carpet mechanism. As discussed in Section 1, a highly helical structure is not a requirement for membrane lysis mediated by the carpet mechanism [36] . Both G10 and T7 are less helical than OVIS in presence of DPC, and are still highly antibacterial. Additionally, they are oriented parallel to the interface in SDS micelles. It is thus highly probable that G10 and T7 also lyse cells by the carpet mechanism.
Based on our simulations and the above discussion, we suggest that mutations which marginally lower peptide helical content should attenuate toxic properties by lowering overall peptide amphipathicity. This deduction should hold consistent for peptides which operate by the carpet mechanism of action. Interestingly, we found at least two such examples in literature. Pleurocidin (GWGSFFKAAHVGKHVGKAALTHYL) is a 25-residue amphipathic helical AMP isolated from the Winter Flounder [7] . The sequence is 68% similar to dermaseptin, indicating that it might operate by the carpet mechanism. Mutations of glycines to alanines at positions 13 and 17 increased both overall the helical content and hemolytic activity against erythrocytes [28] . Similar observations were made about the scorpion-derived AMP IsCT and its analogs, although there is no direct evidence of a carpet-based mechanism [27] . The major families of helical peptides which operate by the carpet mechanism include the dermaseptins [37] and cecropins [17] . OVIS falls in this category, and is an analog of the human AMP LL-37 [30] , which is thought to operate by the carpet mechanism as well.
Although simulations of peptides in DPC [16, 23, 38] and SDS [1, 4, 24, 25, 40, 41] micelles have been carried out in the past, the current study focuses on the larger context of secondary structure induction near membrane interfaces, and the remarkable influence this has on the toxicity of antimicrobial peptides. It is also one of the most computationally intensive studies that we are aware of, with more than 200 ns of combined molecular dynamics simulations. The simulations show that zwitterionic interfaces discourage helix formation, and that this correlates neatly with the reduced toxicity of peptides which is reflected in their shallower binding to the DPC micelle. The results from the simulations can be generalized to other non-AMP membrane-active peptide fragments as well. The simulations confirm various scattered experimental observations that peptide secondary structure is preferentially induced in the presence of anionic membranes [3, 18, 20, 29, 32] .
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